*Staphylococcus aureus* is an opportunistic pathogen^[@ref1]^ that is renowned for its ability to colonize several sites in the human body.^[@ref2],[@ref3]^ One of the most frequent sites of colonization is the upper respiratory tract, where it is commonly found as a commensal bacterium residing in the nose and throat.^[@ref4],[@ref5]^ However, *S. aureus* also has the potential to infect the lower parts of the respiratory tract, causing severe infections, including necrotizing pneumonia.^[@ref6],[@ref7]^ Although these infections can occur in community or hospital settings, the development of a chronic lung infection is commonly associated with pre-existing infections by other agents or with lung-associated diseases, like chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), or bronchiectasis.^[@ref8]−[@ref14]^

The epithelial cell layer of the lungs is our first barrier of defense against airborne pathogenic bacteria. Nevertheless, in the aforementioned conditions, the outermost layer of the lungs gets damaged, leading to wounded patches in the epithelium. After damage, the epithelial cell layer will pass through a process of healing that starts with the migration of epithelial cells to repopulate the created gap, followed by activation of the polarization machinery and fibrogenesis.^[@ref15]−[@ref17]^ The latter involves regulatory pathways like sonic hedgehog signaling (Shh), transforming growth factor beta (TGFB), and Wingless/Integrated (Wnt) pathways, which are commonly deregulated in chronic lung diseases and could lead to permanent fibrosis.^[@ref18]−[@ref20]^ These pathological conditions affect several functions of the epithelium, including correct localization of proteins in the cellular membrane, homogeneity of the epithelial layer, transport gradients, direction of cell division, and the permeability.^[@ref21],[@ref22]^ Consequently, the affected sites are regarded as portals for invasion of underlying tissues by *S. aureus* or other pathogens.^[@ref15],[@ref22]^

To date, most studies on the mechanisms employed by *S. aureus* to breach epithelial barriers focused on model systems that mimic one particular state of the epithelial cells. On this basis, it is known that *S. aureus* weakens the epithelial layer by secreting toxins that disrupt the polarized cells, enabling the pathogen to cross the barrier and enter host cells.^[@ref23],[@ref24]^ Upon entry, the bacteria adapt to the intracellular milieu where they have to face nutrient scarcity and defensive host mechanisms. To do so, the bacteria activate pathways related to energy generation from the most readily available sources and balance the expression of virulence factors to take optimal advantage of their host.^[@ref25]−[@ref28]^ However, an important knowledge gap relates to the question how *S. aureus* responds to different states of the human epithelium, such as nonpolarization or fibrogenesis during regeneration. Therefore, the aim of this study was to define possible differential responses of *S. aureus* to such preinfection conditions with a focus on changes at the proteome level. To this end, we devised an *in vitro* model that simulates staphylococcal infection at two different stages of epithelial regeneration. The first stage involves a layer of nonpolarized cells, which mimics the earliest stage of regeneration where the bacteria have "easy access" to the epithelium. The second involves a polarized host cell layer at the stage of fibrogenesis, where the bacteria can only gain access to the cells by disruption of the tight junctions connecting the regenerating epithelial cells. The results obtained with this model reveal distinct bacterial internalization rates depending on the stage of epithelial regeneration. While the bacteria displayed similar adaptations at the proteome level during the course of infection, the timing of these adaptations differed. Remarkably, differences are most clearly evident for proteins under control of the redox regulator Rex, where induction of Rex-regulated proteins is observed at an earlier time point when the bacteria are confronting polarized epithelial cells. Our observations indicate that bacteria approaching the polarized epithelial barrier encounter redox stress conditions that prompt earlier adaptations and likely influence the internalization process in nonprofessional phagocytic cells.

Results {#sec2}
=======

Distinctive Protein Abundances Define Regenerative Stages of Bronchial Epithelial Cells {#sec2.1}
---------------------------------------------------------------------------------------

The epithelial cell line 16HBE14o- is known for its capacity to form tight junctions, polarize, and differentiate,^[@ref29],[@ref30]^ which makes it suitable for the development of cell layers with regenerating phenotypes. To obtain two cell layers with distinctive characteristics, the cells were cultured over a porous Transwell support under the same conditions for different time periods. The first distinctive characteristic between the cell layers after 3 or 11 days of culturing was their polarization state ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which was shown by the measurement of trans-epithelial electrical resistance (TEER) and immunofluorescence of the tight junction protein Zonula Occludens-1 (ZO-1). A layer of 16HBE14o- cells reaches its highest resistance after 14 days of culture ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf)). Therefore, to represent different regenerative states, the cell layer should display different polarization at the time points analyzed and, accordingly, we decided to culture the cells for 3 and 11 days. Importantly, the epithelial cell layer cultured for 3 days reached a state of confluency, but it did not develop polarity as evidenced by a marginal increase in resistance and the absence of ZO-1 localization at the lateral sites of the cell membranes. In contrast, the cell layers cultured over 11 days displayed an at least 3-fold increased electrical resistance consistent with a more organized localization of ZO-1 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Epithelial cell layers with distinctive polarization states. The cell line 16HBE14o- was cultured for 3 and 11 days in order to obtain confluent cell layers with two different polarization states. The polarization states were monitored by measurements of the TEER and by immunostaining with an antibody specific for Zonula-Occludens 1. The micrographs present the maximum pixel value of the *Z*-stacks of the epithelial cell layers. Scale bar: 100 μm.](id0c00403_0001){#fig1}

To further characterize the 16HBE14o- cells at different stages of polarization, their cytosolic proteome was profiled by data-independent acquisition (DIA) mass spectrometry (MS). In total, the levels of 3498 proteins were quantified. Of these, 1633 proteins presented significantly (*p*-value \< 0.01) different levels at the two investigated time points ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_002.xlsx); column "*p*-value comparison"). More than half of the latter proteins were related to the production of the extracellular matrix (ECM) as well as pathways related to healing, like TGFB, Shh, and Wnt ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Of note, several proteins of the core matrisome (i.e., the ensemble of all ECM proteins and ECM-associated proteins) were detected at differing levels, despite the fact that most of them are secreted during ECM production ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Considering the distinct protein abundance signatures that were observed, we conclude that the cells represent distinctive regenerative stages after 3 or 11 days of culturing, respectively.

![The epithelial cell layer models represent two different stages of wound regeneration. The nonpolarized layer was obtained after 3 days of culturing and the polarized layer, after 11 days of culturing. (A, B) Levels of matrisome-associated proteins and proteins of the core matrisome. (C) Levels of proteins related to major signaling pathways involved in tissue regeneration after injury. The indicated levels of expression are ratios of the levels at 0 h to the mean value quantification for the respective protein in both conditions at every time point of the experiment. The fold change (FC) measured for each individual protein is included in the column FC. Significant differences (*p*-value \< 0.01) are marked with a star. σ = 0.26; Shh, sonic hedgehog signaling pathway; TGFB, transforming growth factor beta signaling pathway; Wnt, Wingless/Integrated pathway.](id0c00403_0002){#fig2}

Rate of *S. aureus* Internalization Differs at the Two Polarization States of the Host Cell Layer {#sec2.2}
-------------------------------------------------------------------------------------------------

After 3 or 11 days of culturing, the developed epithelial cell layers were infected with *S. aureus* for 1 h. Subsequently, the medium was replaced; noninternalized bacteria were killed by the addition of lysostaphin, and the course of infection was followed by immunofluorescence confocal microscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A; [Figures S2, S3, and S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf)) and quantification by flow cytometry of both the host and bacterial populations ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B--D). Imaging of the infection at 2.5 h post-infection (p.i.) showed that the bacterial internalization in cells of a nonpolarized cell layer is highly effective and that the bacterial clusters distributed homogeneously within the cell layer. In contrast, the infection of cells in a polarized cell layer occurred at specific sites of the cell layer where disruption of the tight junctions is evident ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf)).

![Dynamics of bacterial and host populations p.i. (A) Development of the *S. aureus* infection and integrity of the cell layer were tracked by immunofluorescence microscopy. The presented micrographs are the maximum pixel values of the *Z*-stacks of the infected cell layers. ZO-1 is depicted in magenta and *S. aureus*, in green. The individual representations of each channel are shown in [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf). Quantification of the bacterial fluorescence is shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf). Scale bar: 100 μm. (B, C) Counting of the host and bacterial cell populations by flow cytometry. The changes over time are displayed in relation to 0 h p.i. (*t*/*t*~0~). The proportion of epithelial cells that contain intracellular *S. aureus* at each time point is represented in panel B by the complemented bars marked with stripes; the respective percentages are indicated above each bar. (D) The polarity of the cell layer was tracked during infection by TEER measurements. All results of panels B--D are the average of 4 independent biological replicates.](id0c00403_0003){#fig3}

Also, the progression of infection was different at the two different polarization states of the cultured cells. In nonpolarized cells, the *S. aureus* population increased during the first 24 h of infection. Death of a considerable percentage of the host cell population became clearly evident from 24 h p.i. onward ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), when the bacterial numbers had doubled ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). At 48 h p.i., the integrity of the host cell layer was severely disrupted as evidenced by a decrease of the TEER ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). The bacteria internalized by polarized cells also multiplied during the first hours of infection, which coincided with a slight decrease in the TEER at 24 h p.i. However, in this case, the epithelial cell layer did not display apparent damage or drastic changes in total cell numbers. On the other hand, the host cell population harboring bacteria at 48 h p.i. represented merely 3% of the total cell count.

Bacterial Proteome Profiles Mirror Adaptations to Epithelial Cell Layer Integrity {#sec2.3}
---------------------------------------------------------------------------------

Quantitative proteome profiling (DIA-MS) was applied to visualize the adaptations of host cells and infecting bacteria during the first 6.5 h p.i. Although the epithelial cell layers differed drastically in the initial protein abundances as mentioned above, no major changes in host cell protein dynamics were detectable upon infection with *S. aureus* ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_002.xlsx)). In contrast, the bacterial proteome was highly dynamic; of the 1108 proteins monitored, more than 50% presented significant changes during the first 6.5 h p.i. (*p*-value \< 0.05; [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_003.xlsx)). Interestingly, most of these proteins displayed a similar behavior in both settings of infection indicating that, by and large, the bacteria went through similar adaptive processes. However, the timing of the adaptive changes was markedly different for 67 staphylococcal proteins, depending on the stage of regeneration of the infected epithelial cell layer ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf)).

In order to appreciate the differences in *S. aureus* adaptation to epithelial cells at different stages of regeneration, the proteins displaying changes in level prior and during internalization were grouped according to their known regulators as described by Nagel et al.^[@ref31]^ Proteins in which the level is subject to the control by CodY, Agr, Sae, Fur, Rex, and SigB displayed infection-related changes in level ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). However, most clusters of proteins controlled by particular regulators did not show a differential behavior that could be associated with a specific host cell regeneration state. This was different for proteins controlled by the redox regulator Rex, where ∼50% of these proteins displayed differential behavior ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), namely, an earlier increase in level when the bacteria were confronted with polarized host cells. This difference in regulation also became clearly evident in a clustering of identified proteins based on metabolic pathways, where proteins related to fermentation were found to be upregulated at earlier time points ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). On the contrary, such a different time dependency in regulation between *S. aureus* challenged by polarized vs nonpolarized host cells was not observed for other pathways related to energy acquisition, like the TCA cycle and oxidative phosphorylation, and for the majority of proteins involved in oxidative stress management ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B).

![Voronoi tree map representation of *S. aureus* protein levels grouped by major regulators. (A) Proteins that displayed significantly (*p*-value \< 0.05) different dynamics during the first 6.5 h p.i. between the two infection models are highlighted in maroon. (B) Names of the proteins represented in each polygon of the other panels. (C) Changes in protein amounts are presented at every time point relative to the respective protein quantities in the exponential phase. Increased levels are presented in dark red and decreased levels, in blue. The 1 h sample represents the fraction of bacteria in the medium that was neither internalized into nor attached to the host cells after addition of the bacterial master mix.](id0c00403_0004){#fig4}

![Central carbon and nitrogen metabolism of *S. aureus* during infection-related stress conditions. The levels of a selection of proteins related to (A) carbon and nitrogen metabolism and (B) stress conditions are represented in relation to the mean values measured for proteins extracted from the bacteria in the exponential growth phase at OD~600~ = 0.4. Significant changes (*p*-value \< 0.05) are marked with stars in the last three columns, which relate to changes over time during nonpolarized conditions (N--P), polarized conditions (P), and the comparison of both trends (T). *S. aureus* proteins without an assigned gene symbol are labeled according to their locus tag without the "SAOUHSC\_" identifier.](id0c00403_0005){#fig5}

Discussion {#sec3}
==========

The epithelial cell layer in the human lung forms an important primary barrier against infection. Breaches of this barrier are dangerous as they provide easy access to pathogens that can then not only invade underlying tissues but also cause additional damage to the epithelium by entering the respective cells from the basolateral side. Ultimately, this may lead to pneumonia, severe damage of the lungs and, in the worst case, death of the patient. Consequently, effective repair of a damaged lung epithelium is believed to be critical to avoid potentially life-threatening pulmonary infections. Despite this, it has so far not been studied in detail how different stages of regeneration of the epithelial layer determine the outcome of a bacterial infection and how these stages are reflected in the adaptive responses that take place in infecting bacteria. In the present study, we sought to improve our understanding of these interactions by establishing an infection model where epithelial cell layers were exposed to *S. aureus* at two distinct early stages of regeneration. In this respect, it should be noted that, upon lung injury, the epithelial cells will go through different stages of recovery that include inflammation and fibrogenesis phenotypes.^[@ref15],[@ref22]^ As shown by Schiller et al.,^[@ref17]^ protein expression post-injury is highly dynamic, and particular proteins play different roles in recovery over time. These regenerative stages were reflected in the proteins we identified in lung epithelial cells cultured for 3 or 11 days in our experimental setup. In particular, the high levels of the SERPINH1, ST14, PLOD1, LGALS3, PLXB2, PLOD3, CTSZ, LGALS1, CTSA, P4HA2, CTSD, PLOD2, TINAGL1, P4HA1, CTSB, and FN1 proteins as detected in polarized 16HBE14o- cells can be regarded as a proteomic signature for fibrogenesis.^[@ref17]^ Likewise, the detected low abundance of the TIMP3, THBS1, LAMA3, FGF2, LAMA5, and LAMB3 proteins is also a clear indicator for fibrinogenesis during polarization.^[@ref17]^ On this basis, the nonpolarized epithelial cell layer obtained after 3 days of culturing seems to resemble the initial migratory state of a damaged lung epithelium. In contrast, the polarized epithelial cell layer obtained after 11 days of culturing serves as a model for a subsequent early stage of fibrogenesis.

The dynamics of *S. aureus* infection in the two model stages of lung epithelial regeneration reflect the *in vivo* course of an infection remarkably well. As documented by microscopy, the infecting staphylococci had a clear impact on the epithelial cells during the first 6.5 h p.i., where the bacteria first disrupted the polarized cell layer and subsequently started to replicate intracellularly in both polarized and nonpolarized cells. Of note, bacterial replication was substantially stronger in the nonpolarized cells. Unexpectedly, this difference had no distinctive effect on the epithelial cells' proteome. Of course, in the case of the polarized cells, the rate of bacterial internalization is relatively low, so it is intuitive that changes in the host's proteome may have passed unnoticed. On the contrary, one might expect more severe changes in the proteome of nonpolarized epithelial cells that are virtually defenseless to the invading staphylococci. In particular, only two and nine proteins showed significantly different changes in the polarized and nonpolarized epithelial setups, respectively, after challenge with *S. aureus* ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_002.xlsx)). Presumably, changes in the epithelial cell proteome will be more severe during later time points p.i. when the infection will probably elicit severe apoptotic reactions, but this can unfortunately not be assessed in our present experimental setup. However, the latter view seems realistic based on the findings from our previous study, where the effects of staphylococcal internalization on submerged 16HBE14o- lung epithelial cells were studied over a period of 96 h.^[@ref27]^

The differential rates of *S. aureus* internalization by polarized and nonpolarized epithelial cells probably reflect the fact that fibronectin, one of the major host cell anchors for *S. aureus*, is exposed exclusively at the basolateral side of polarized epithelial cells.^[@ref32],[@ref33]^ The fact that this protein is essentially absent from the apical cell surface severely restricts the bacterial internalization.^[@ref34]^*S. aureus* overcomes this challenge by the disruption of tight junctions between the epithelial cells with the aid of the pore-forming toxin Hla.^[@ref23],[@ref35]−[@ref37]^ Although the production of Hla was not detectable in the cytosolic proteome fraction of the investigated bacteria, its presence can be inferred from the observed regulation of other proteins that are also controlled by the Agr quorum sensing system, such as ClfA and Spa.^[@ref36]^

While the polarized epithelial cell layer is capable of overcoming the imposed staphylococcal infection, the infected nonpolarized epithelium is heading for disaster. In particular, strongly replicating internalized bacteria will almost inevitably induce massive cell death during the first day of infection.^[@ref26],[@ref27]^ Bacteria thus liberated from the epithelial enclosure will be released into the external milieu where, in principle, they can engage in another round of host cell infection. However, under our present experimental conditions, the latter will not be observed as the released bacteria are eliminated by lysostaphin that was added to the culture medium at 1 h p.i. Interestingly, when nonpolarized epithelial cells were challenged with *S. aureus*, the percentage of infected cells increased over time as a result of dying noninfected cells. Possibly, this is a consequence of the release of epithelial or bacterial debris into the medium that can induce apoptosis.

Despite the observed differences in infection dynamics, the adaptations of *S. aureus* p.i. were largely similar in polarized and nonpolarized epithelial cells, showing that the main bacterial adaptations to the infection conditions do not depend on the polarization state of the host cells. Such adaptations include elevated production of proteins related to the catabolism of alternative carbon sources, the degradation of amino acids, and the TCA cycle. Moreover, also the levels of proteins regulated by SaeRS and Agr, which have been linked to virulence, changed upon internalization ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_003.xlsx)). Remarkably, we observed no differences in the dynamics of bacterial proteins responsive to oxidative-, heat-, or cold-stress conditions between the two infection settings.

The earlier upregulation of Rex-regulated proteins in bacteria facing a polarized epithelial barrier is indicative of a critical difference in the local conditions with potential implications for the internalization process and the course of infection. The Rex regulon is known to respond to changes in the NAD^+^/NADH ratio of the bacterial cytoplasm, which may relate to limited availability of oxygen, excessive TCA cycle activity and rapidly increasing NADH concentration, or increased levels of NO.^[@ref38],[@ref39]^ As a consequence, the bacteria will upregulate pathways for anaerobic metabolism. This behavior could have been anticipated on the basis of the fact that NO is a signaling molecule employed in wound repair^[@ref40]^ and, therefore, produced in higher quantities during illnesses that compromise the lung epithelium like asthma and COPD.^[@ref41]−[@ref44]^ In addition, NO production is a known anti-infective defense mechanism employed by human host cells.^[@ref45]−[@ref47]^ Accordingly, the differential timing in the detection of Rex-regulated proteins is potentially a consequence of redox stress conditions at 1 h p.i. Of note, once internalized, the fermentative pathways will be further upregulated as a consequence of the microaerobic environment that the bacteria are exposed to intracellularly.^[@ref26]−[@ref28]^

Lastly, a limitation of our present experimental setup is that it is currently still very difficult to validate the obtained proteomics data by independent experiments, especially where it concerns the proteome dynamics of the intracellular bacteria. The absolute numbers of internalized bacteria are low, which makes validation of the data by quantitative Western blotting or protein activity assays challenging. This is further complicated by a general lack of specific antibodies and the fact that it is hard to distinguish many of the metabolic enzyme activities of internalized bacteria from those of the host cells. An alternative option would be to validate the observed effects by transcriptome analyses, which would require sorting of larger numbers of bacteria that would be difficult to accomplish particularly at late time points. On the other hand, we would like to point out that the data presented for particular Rex-regulated proteins or proteins involved in bacterial metabolism validate each other. Even though the quantifications were independently performed for each protein, the data are connected in the form of proteomic signatures that show consistent regulatory effects at the regulon level and for metabolic pathways.

Conclusion {#sec4}
==========

Here, we explored the adaptive behavior of *S. aureus* upon close encounters with polarized and nonpolarized lung epithelial cells that mimic the clinical situation of a wounded epithelium at different early regenerative stages. In the clinical context, such scenarios will be encountered, in particular, when the lung epithelial cell layer is damaged by common pathogens, such as influenza.^[@ref12],[@ref48]^ Our present observations provide a deeper insight into how the *S. aureus* bacterium may take advantage of such a breach of barrier and how infected epithelial cells have a limited ability of responding to the staphylococcal insult, especially during the very early stages of tissue regeneration. Our study also highlights early adaptations of *S. aureus*, where the upregulation of proteins under the control of Rex could be critical for the confrontation with polarized epithelial cells to maintain bacterial homeostasis and to stay fit for infection.

Methods {#sec5}
=======

Bacterial Strains and Culture Conditions {#sec5.1}
----------------------------------------

*S. aureus* strain HG001^[@ref49]^ carrying plasmid pJL76 with a codon optimized GFP^[@ref50]^ was used for internalization experiments into epithelial cells followed by mass spectrometry (MS) analyses. For immunofluorescence microscopy, a *Δspa* mutant was used to avoid unspecific binding of the antibodies.

Cultivation of bacteria was carried out in prokaryotic minimal essential medium (pMEM): 1× MEM without sodium bicarbonate (Invitrogen, Karlsruhe, Germany) supplemented with 1× nonessential amino acids (PAN-Biotech GmbH, Aidenbach, Germany), 4 mM [l]{.smallcaps}-glutamine (PAN-Biotech GmbH, Germany), 10 mM HEPES (PAN-Biotech GmbH), 2 mM [l]{.smallcaps}-alanine, 2 mM [l]{.smallcaps}-leucine, 2 mM [l]{.smallcaps}-isoleucine, 2 mM [l]{.smallcaps}-valine, 2 mM [l]{.smallcaps}-aspartate, 2 mM [l]{.smallcaps}-glutamate, 2 mM [l]{.smallcaps}-serine, 2 mM [l]{.smallcaps}-threonine, 2 mM [l]{.smallcaps}-cysteine, 2 mM [l]{.smallcaps}-proline, 2 mM [l]{.smallcaps}-histidine, 2 mM [l]{.smallcaps}-phenyl alanine, and 2 mM [L]{.smallcaps}-tryptophan (all from Sigma-Aldrich, Schnelldorf, Germany), adjusted to pH 7.4 and sterilized through filtration.

The cultivation of the samples was performed as described previously.^[@ref51]^ In brief, overnight cultures were done as serial dilutions in media enriched with 0.01% yeast extract. Additionally, all overnight cultures contained 10 μg/mL erythromycin (Sigma-Aldrich) to maintain pJL76, and 10 μg/mL tetracycline (Sigma-Aldrich) was added to cultures of the *Δspa* mutant. Cultures were incubated for 16 h in an orbital shaking incubator at 37 °C and 220 rpm. All main cultures for infection experiments were prepared in pMEM without yeast extract or antibiotics and inoculated with a bacterial master mix prepared from overnight cultures in the midexponential phase. Incubation of the main cultures was carried out in a shaking water bath at 37 °C and 150 rpm.

Cell Lines and Culture Conditions {#sec5.2}
---------------------------------

The immortalized 16HBE14o- epithelial cell line is derived from transformed bronchial epithelial cells of a 1-year-old heart--lung transplant patient.^[@ref29]^ Cultivation of the cells was carried out in eukaryotic minimal essential medium (eMEM): 1× MEM with Earle's salts with 2.2 g/L NaHCO~3~ (Biochrom AG, Berlin, Germany) supplemented with 10% (v/v) fetal calf serum (FCS; Biochrom AG), 2% (v/v) [l]{.smallcaps}-glutamine (200 mM, PAN-Biotech GmbH), and 1% (v/v) nonessential amino acids (100×, PAN-Biotech GmbH). The cells were cultured in 10 cm plates at 37 °C and 5% CO~2~ in a humid atmosphere and were kept for no more than 15 passages.

The seeding of the cells was done at a density of 1 × 10^5^ cells/cm^2^ over a 12 mm Transwell polyester membrane with 0.4 μm pore size (Corning, Schnelldorf, Germany) to promote the polarization of the cell layer. Cells were cultured for 3 or 11 days, depending on the desired condition for infection. The volume of medium on the apical side was 400 μL, and it was 1300 μL on the basal side. The medium was exchanged every second day until day eight after which the exchange was done daily.

Measurement of Transepithelial Electrical Resistance {#sec5.3}
----------------------------------------------------

Bioelectric measurements were performed with an EVOMX Volt-ohmmeter equipped with STX2 chopstick electrodes (WPI, Berlin, Germany). To measure the resistance of the cell layer, the medium of every cultured Transwell was replaced with prewarmed eMEM medium (500 and 1500 μL on the apical and basal sides, respectively) and equilibrated for 10 min at room temperature. The TEER was calculated by subtracting the blank measurement and subsequently multiplying it by the area of the Transwell. After measurement, the medium was exchanged with prewarmed fresh medium.

Internalization Procedure {#sec5.4}
-------------------------

The protocol for infection was based on the methods described by Pförtner et al.^[@ref51]^ with some adaptations for infection in Transwells. The bacterial main cultures were inoculated at a starting OD~600~ of 0.05, grown until midexponential phase, and collected at an OD~600~ of ∼0.4. Prior to infection, the number of bacterial cells was determined by flow cytometry with a Guava easyCyte flow cytometer (Merck Millipore, Darmstadt, Germany), using a blue 50 mW laser to excite bacterial GFP that allowed quantification of the bacteria. The same day of infection, epithelial cells were counted after detachment from the porous membrane by 5 min of incubation at 37 °C with 0.25% trypsin-EDTA (Gibco, Grand Island, NY). Then, the cell solution was mixed in equal quantities with trypan blue dye, and the cell number was quantified with a Countess (Invitrogen).

Infection of host epithelial cells with *S. aureus* was carried out by exchange of the apical medium with the infection mix. This solution contained *S. aureus* diluted in eMEM to a multiplicity of infection of 25 and buffered with 2.9 μL of sodium hydrogen carbonate (7.5%, PAN-Biotech GmbH) per mL of bacterial culture. Epithelial cells were exposed to the bacteria for 1 h at 37 °C and 5% CO~2~. Afterward, the media on the apical and basal sides were exchanged with fresh eMEM medium containing 10 μg/mL lysostaphin (AMBI Products LLC, Lawrence, NY).

Sampling for counting of 16HBE14o- cells at every time point was performed as described above and, additionally, the number of infected cells was counted in the Guava easyCyte flow cytometer. The collection of internalized bacteria was done by incubation with 0.05% sodium dodecyl sulfate (SDS; Carl Roth, Karlsruhe, Germany) for 5 min at 37 °C, and quantification of bacteria was performed using a Guava easyCyte.

Immunofluorescence Staining {#sec5.5}
---------------------------

16HBE14o- cells were cultured over Transwell supports for 3 or 11 days. The medium of the wells was removed, and the cells were washed with phosphate-buffered saline (PBS). Fixation of cells was done with 5% acetic acid in absolute ethanol for 10 min at room temperature. To avoid autofluorescence, the supports were incubated for 15 min at room temperature with 50 mM NH~4~Cl. Subsequently, permeabilization of the cells and blocking of nonspecific binding were carried out. To this end, cells were incubated for 30 min at room temperature with 0.2% bovine serum albumin (BSA) and 0.1% saponin in PBS, followed by overnight incubation at 4 °C with 2% BSA, 0.1% saponin, and 5% Neutral Goat Serum in PBS. Additional blocking was performed with 12 μg/mL of a human monoclonal antibody (1D9^[@ref52]^) diluted in the same blocking solution for 2 h at room temperature in a humidifier chamber. Thereafter, immunofluorescence staining was carried out using a rabbit polyclonal antibody against ZO-1 (40-2200; Invitrogen) in a 1:100 dilution and a goat polyclonal secondary antibody against rabbit conjugated with alexa fluor 647 (A-21244; Thermo Fisher Scientific, Landsmeer, The Netherlands) in a 1:2000 dilution. The incubation of antibodies was done separately, each for 1 h at room temperature in a humidifier chamber. The cells were washed with blocking solution between incubations. Finally, the DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) by incubation for 15 min at room temperature, and the slides were mounted with Mowiol 4-88 (EMD 208 Chemical, Inc., Temecula, CA). Visualization of the samples was done using a Leica SP8 microscope at the UMCG Microscopy and Imaging Center.

Sample Preparation for Mass Spectrometry {#sec5.6}
----------------------------------------

The sample preparation of human lung epithelial and bacterial samples was performed as described before in detail.^[@ref26],[@ref27]^

Briefly, the collection of epithelial cell samples was carried out at the beginning of the infection and 1, 2.5, and 6.5 h p.i. by disruption with UT buffer (8 M urea, 2 M thiourea in MS-grade water, Sigma-Aldrich) and immediate freezing in liquid nitrogen. Further disruption of the cells was done by 5 cycles of freeze--thawing using liquid nitrogen and shaking at 30 °C, followed by ultrasonication with a Sonopuls homogenizer (Bandelin electronic, Berlin, Germany) in 3 cycles of 3 s at 50% power and 1 min of cooling on ice. The samples were centrifuged at maximal speed (∼20 000*g*) for 1 h at 4 °C; the supernatant was collected, and the protein concentration of the samples was quantified using a Bradford assay (Biorad, Hercules, CA). Samples containing 4 μg of protein were prepared for MS by reduction with 2.5 mmol/L dithiothreitol (Thermo Fisher Scientific) for 1 h at 60 °C and alkylation with 10 mmol/L iodoacetamide for 30 min at 37 °C. Lastly, samples were digested with trypsin (1:25 trypsin/protein; Promega, Madison, WI) at 37 °C overnight and purified using C~18~ columns (Merck Millipore).

*S. aureus* HG001 sampling for MS involved one sample of the main culture in midexponential phase, collection of the nonadherent bacteria after 1 h of infection, and samples of internalized bacteria collected at 2.5 and 6.5 h p.i. The last two samples were obtained by disruption of the host cells with 0.05% SDS for 5 min at 37 °C. All samples were concentrated by centrifugation for 10 min at 10 000*g* and 4 °C; the supernatant was removed, and the pellet was diluted in 2 mL of PBS. Subsequently, 2 million bacteria were sorted for each time point by flow cytometry using a FACSAria IIIu cell sorter (Becton Dickinson Biosciences, Franklin Lakes, NJ). Excitation of GFP was done with a 488 nm laser, and the emission signal was detected in a 515--545 nm range. Afterward, the bacteria were collected on low protein binding filter membranes with a pore size of 0.22 μm (Merck Millipore). The bacterial cells were lysed on the filter by incubation with 7.4 μg/mL lysostaphin in 50 mM ammonium bicarbonate for 30 min at 37 °C. Finally, digestion of the liberated proteins was performed with 0.3 μg of trypsin at 37 °C overnight, and tryptic peptides were purified using C~18~ ZipTip columns (Merck Millipore, Germany).

All purified peptides were resuspended in a buffer containing 2% acetronitile and 0.1% acetic acid in MS-grade water. Indexed Retention Time (iRT) peptides (Biognosys AG, Schlieren, Switzerland) were added to all samples of epithelial cells and bacteria for peak detection, mass calibration, noise reduction, and signal quantification. Samples were spiked according to the manufacturer's instructions, adding one injection equivalent of iRT peptide mix per injected volume. Bacterial samples had a final volume of 12 μL, of which 10 μL was injected, while 16HBE14o- samples were resuspended in 20 μL, with an injection volume of 5 μL.

Mass Spectrometry Measurements and Analysis {#sec5.7}
-------------------------------------------

Separation of tryptic peptides was accomplished with a Dionex Ultimate 3000 nano-LC system (Dionex/Thermo Fischer Scientific) using an Accucore 150-C18 analytical column (25 cm × 75 μm, 2.6 μm C18 particles, 150 Å pore size, Thermo Fischer Scientific). The elution of peptides was carried out at constant temperature (40 °C) with a flow rate of 300 nL/min and a 120 min linear gradient of acetronitrile (2% to 25%) in 0.1% acetic acid. MS/MS measurements were performed on a QExactive (Thermo Fischer Scientific) in data-independent acquisition mode (DIA) following the method described by Bruderer et al.^[@ref53]^[Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf) details the instrumental setup and parameters used for the measurements. In general, 19 isolation windows with a 2 *m*/*z* overlap were set to cover a mass range of 400--1220 *m*/*z* with a resolution of 35.000 for MS and MS/MS and an AGC target of 5 × 10^6^ for MS and 3 × 10^6^ for MS/MS.

Proteins were identified and quantified using Spectronaut V11.0.18108.11.30271 software (Biognosys AG) against MS databases generated from data-dependent acquisition (DDA) measurements of either *S. aureus*([@ref31]) or epithelial cells^[@ref27]^ under different culture conditions. The bacterial ion library was constructed on the basis of the fasta file from AureoWiki^[@ref54]^ with 2.852 *S. aureus* protein entries, from which the final target--decoy version was generated by adding all reverse entries to a total of 5.944 entries. The human epithelium peptide library was constructed on the basis of DDA measurements from 16HBE14o- and S9 cells searched against a target--decoy database with 40.640 entries and was built on the basis of 20.217 Uniprot entries (February 2018). Both databases include 102 cRAP common contaminants (<https://www.thegpm.org/crap/>) and a concatenated iRT peptide entry. The peptide spectral matching was performed with a parent mass error of 30 and 20 ppm for bacterial and human libraries, respectively. Both searches allowed full-tryptic peptides (trypsin/P cleavage rule) with up to two missed internal cleavage sites, a fragment mass error of 0.01 Da, variable modification of +15.9949 for oxidized methionine, and fixed modification of +57.021464 for carbamidomethylated cysteine.

The settings for the Spectronaut analyses were a dynamic mass tolerance at MS1 and MS2, dynamic XIC retention time extraction window, automatic calibration, and dynamic decoy strategy (library size factor of 0.1, minimum limit of 5000). The search included fixed modifications of +57.021464 by carbamidomethylation of cysteine and variable modification of +15.9949 due to the oxidation of methionine. The *Q*-value cutoffs were set to 0.01 for proteins and 0.001 for precursors. Complete profiles with a *Q*-value \< 0.001 were used to perform a local cross-run normalization, and the reported quantifications refer to the MS2 peak area. Missing ion values were parsed when at least 25% of all samples had high quality quantifications. The parsing was performed using iRT profiling with a carryover of exact peak boundaries (minimum *Q*-value row selection = 0.001) and only for precursors with a *Q*-value \> 0.0001. To prevent false positives, the parsed values were filtered out if their values were more than 2-fold higher than the measured values. [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_004.xlsx) summarizes all the settings used for the Spectronaut analyses.

Statistical Testing of Changes in Protein Abundances over Time {#sec5.8}
--------------------------------------------------------------

Further analysis considered only proteins with at least two peptides. Normalization of each peptide was performed on the basis of the mean value of all time points. The final protein dynamics was calculated as the median of all corresponding normalized peptides. A linear model was fitted for every protein using the LIMMA package version 3.34.9^[@ref55]^ in R version 3.4.4.^[@ref56]^ An empirical Bayes moderated *t* test was conducted for each protein to detect significant differences between polarized and nonpolarized cells. Moreover, every protein was tested individually in both conditions for changes over time by an empirical Bayes moderated F-test. All moderated *p*-values were corrected for multiple testing using Benjamini and Hochberg's multiple testing correction. Protein changes were assumed to be significant when their adjusted *p*-value was lower than 0.05 for the *S. aureus* proteome or lower than 0.01 for the epithelial cell proteome. The cutoff was more stringent for the host proteome due to the higher amount of proteins with different levels between the two epithelial conditions.

The annotation of identified proteins was based on the Uniprot database. For *S. aureus*, the annotation was complemented with the AureoWiki database^[@ref54]^ and the regulons as described by Nagel et al.^[@ref31]^ The latter was used as a database to draw Voronoi tree maps using the Paver 2.1 software (DECODON GmbH, Greifswald, Germany).

Experimental Design and Statistical Rationale {#sec5.9}
---------------------------------------------

The MS measurements of host and pathogen were carried out on samples collected from four independent biological replicates of the infection experiments in both conditions of the epithelium. During these experiments, sample collection for quantification of both populations and TEER measurements were performed as well. This number of replicates ensured that every protein was measured consistently at least three times. For each experiment, 4 samples were collected over the first 6.5 h p.i. resulting in 16 samples of bacterial cytosolic proteome and 16 samples of intracellular host cell proteome per epithelial condition. Samples from bacteria and host were measured in two different batches and, to avoid consecutive measurements of samples of the same condition, the running order was randomized by assigning a number between 1 and 32 generated by function *sample* in R version 3.4.4.^[@ref56]^ Additionally, three independent infection experiments were performed for the collection of samples for imaging.

Two statistical tests were used to evaluate the differences between conditions: the Bayes moderated *t* test was applied to determine the differences in the protein levels between the two epithelial conditions, while the Bayes moderated F-test was used to determine changes in protein abundance over time. All moderated *p*-values were corrected for multiple testing using Benjamini and Hochberg's multiple testing correction.

Data and Software Availability {#sec5.10}
------------------------------

The raw files from the MS analyses have been deposited in *MassIVE* (<https://massive.ucsd.edu>) under MSV000083271 (16HBE14o-) and MSV000083269 (*S. aureus*). During the review process, these data can be accessed using the passwords "HBE_TW_palma" and "Saureus_TW_palma", respectively. After acceptance of the manuscript, the data will be made freely available. The raw output files from Spectronaut, including peptide ions and *Q*-values, are included in [Tables S5](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_005.zip) and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_006.zip). All protein annotations and median abundances are included in [Tables S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_002.xlsx) and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_003.xlsx).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00403](https://pubs.acs.org/doi/10.1021/acsinfecdis.0c00403?goto=supporting-info).Figure S1: Development of polarization in the epithelial cell layer measured by TEER; Figure S2: Immunofluorescence microscopy of nonpolarized epithelial cells infected with *S. aureus*; Figure S3: Immunofluorescence microscopy of polarized epithelial cells infected with *S. aureus*; Figure S4: Quantification of the intracellular bacterial population in polarized and nonpolarized cells; Figure S5: Immunofluorescence microscopy of polarized epithelial cells infected with *S. aureus* to illustrate colocalization of *S. aureus* infection with sections of the layer with a weakened tight junction; Figure S6: Heatmap of *S. aureus* proteins displaying different dynamics during infection; Table S3: Instrumental setup and parameters applied in the LC-MS/MS analysis for DIA measurement of proteins in the experimental samples ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_001.pdf))Table S1: Host proteins detected with at least 2 peptides ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_002.xlsx))Table S2: *S. aureus* proteins detected with at least 2 peptides ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_003.xlsx))Table S4: Settings, Spectronaut ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_004.xlsx))Table S5: MS data HBE cells, raw Spectronaut ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_005.zip))Table S6: MS data *S. aureus*, raw Spectronaut ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00403/suppl_file/id0c00403_si_006.zip))
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